Circadian Clocks: Timely Interference by MicroRNAs  by O'Neill, John S. & Hastings, Michael H.
Current Biology Vol 17 No 17
R760Dispatches
Circadian Clocks: Timely Interference by MicroRNAsTranscriptional/post-translational feedback loops have dominated
ideas about how circadian clocks are able to keep time. An entirely
new level of feedback regulation — post-transcriptional regulatory
microRNAs — has now been added to the circadian mix.John S. O’Neill
and Michael H. Hastings
Circadian rhythms pervade life.
Most obviously you are able to
read this because the circadian
pacemaker in your brain, the
suprachiasmatic nuclei (SCN) is
maintaining wakefulness. In some
hours time that pacemaker will
encourage you to sleep, and
simultaneously trigger a barrage of
metabolic changes to enable your
body to recover from the exertions
of today and prepare for tomorrow.
If you were experimentally
deprived of time cues, the cycles
would persist, free-running
with a period of approximately
24 hours because the SCN are
self-sustaining clocks. Current
models of these cellular clocks
revolve around transcriptional/
post-translational feedback loops,
in which ‘clock’ proteins negatively
regulate their cognate ‘clock’
genes [1]. Cheng et al. [2] have now
revealed a completely new point of
circadian feedback control by
implicating interfering microRNAs
(miRNAs) in circadian
choreography.
The SCN cellular time-keeper
consists of intra-cellular feedback
loops in which genes encoding
the negative regulators
Period (Per) and Cryptochrome
(Cry) are activated by complexes
containing Clock and Bmal
proteins [1] (Figure 1). Nuclear
accumulation of Per and Cry
proteins over the circadian day
ultimately turns off the
transcriptional drive to their
encoding genes. It then takes
about 12 hours for existing Per and
Cry proteins to be degraded before
transcriptional repression is finally
released and the cycle can restart
with a new circadian dawn.
Transcription is thereforecentral to the clock: in the absence
of Bmal there is no clock [3];
a mutation that impairs the
trans-activational capacity of
the Clock protein slows the
pacemaker to about 28 hours [4];
and to entrain the clock,
retinal illumination activates
Per transcription via a MAP
kinase cascade [5].
Post-translational mechanisms
also tune the cycle to a 24-hour
world: mutants with inappropriate
phosphorylation of Per have
20 to 22 hour clocks [6], whilst
delayed degradation of Cry
lengthens period by
4 hours [7,8].
So are transcriptional and
post-translational mechanisms the
only determinants of clock speed?
It seems not. Cheng et al. [2] have
expanded the clockwork by
interposing post-transcriptional
miRNA-mediated inhibition of gene
expression between transcription
and translation, not only for
fine-tuning the circadian period but
also for light-induced phase
resetting.
MicroRNAs are short, single-
stranded RNAs (w20 nucleotides)
processed fromw70 nucleotide,
genomically encoded primary
transcripts that potently inhibit
gene expression from target
mRNAs. Although their mechanism
of action is unclear, it involves
base-pairing between the
mRNA 30 UTR and miRNA 50 end,
leading to translational inhibition
and/or increased mRNA
degradation and/or mRNA
sequestration [9]. Developing
their clinical utility for manipulation
of gene expression is a
ferociously hot area, but
understanding their endogenous
role is equally exciting because,
by co-expressing miRNAs with
their target genes, biologyhas an entirely separate and
previously unrecognised set
of tools to regulate gene
expression in time and
space [10]. Indeed, some argue
that information encoded in
regulatory RNA networks
underlies the complexity of higher
organisms [11]. To date,
however, clear demonstrations
of their contribution to higher
brain function remain thin
on the ground.
So how did miRNAs turn up
in the clock? Cheng et al. [2]
followed the route taken by light
pulses and MAP-kinase which
induce Per expression in the SCN
through triggering the activation
(by phosphorylation) of calcium
response element (CRE)
binding protein (CREB). A
genome-wide analysis [12]
showed that both miR-219 and
miR-132 genes have CRE
sequences in their enhancers.
Importantly both are expressed
rhythmically in wild-type SCN and
not in circadian mutants, so they
are bona fide clock-controlled
genes. Not all CREs are
equal, however, so whereas
miR-132 is induced in the
SCN by light, miR-219 is not light
regulated, hinting at differential
roles. A further contrast is
that the miR-219 gene, but
not miR-132, carries an
E-box to confer circadian
regulation by Clock
and Bmal.
Their potential functions were
explored in vivo by treating
mice with antagomirs, short
complementary sequences that
disable the respective miRNAs:
a form of ‘interfering with
interference’. This produced
a double dissociation of effect:
behavioural period was slightly
but significantly lengthened
(between 10–20 minutes in 24
hours) with miR-219, but not
miR-132, antagomir, whereas
miR-132, but not miR-219,
interference amplified the
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Deconvolving the double negatives,
this suggests that target(s) of
miR-219 normally lengthens the
period and endogenous miR-219
expression speeds up the clock,
whereas miR-132 targets amplify
resetting responses and
light-induced miR-132 curtails
that effect. This may explain why
light-induced phase shifts of
behavioural rhythms are much
smaller than would be predicted
by the (large) amount of Per mRNA
induced [5].
Essential to interpreting these
effects is knowledge of the
miRNAs’ targets. Sequence
analysis of 30 UTRs in SCN-
expressed genes provides some
hints, and in cortical cultures two
candidate targets, Rfx-4 and Scop,
were shown by Cheng et al. [2]
to be negatively regulated by
over-expressed miR-132 and
miR-219, respectively. Other
targets may be endogenous
inhibitors of the core clockwork,
insofar as both miRNAs augment
E-box and CRE-regulated
transcription of Per1 revealed by
in vitro luciferase assays.
Constructing a coherent
pathway of action remains tricky,
however, and to know what
circadian miRNAs really do, we
need to know where, what and
how. ‘Where’ insofar as the SCN
contain sub-divisions specialised
for entrainment and pacemaking,
and a strong prediction is that
miR-132 and miR-219 segregate
between them. As for ‘what’, we
need to identify their endogenous
targets and determine whether the
phenotypes arise from direct and/
or indirect cellular actions because
miRNAs typically have multiple
targets. The miR-155 knockout
mouse hasw150 up-regulated
genes and pleiotropic phenotype
[13,14], whilst in their in silico
screen Cheng et al. [2] identified
numerous, unrelated potential SCN
targets, including genes coding for
transcription factors, ion channels,
signal transduction components
and proteasomal machinery.
Furthermore, are these effects SCN
specific or do miRNAs also control
the clocks that reside within all
major organ systems [1], and if so
do we have tissue-specific miRNA
clock tuning?mmu-miR-219
miR-219
mmu-miR-132
miR-132
mCry
mCry1/2
mPer
mPer1/2/3
MAPK
E-box
E-box E-box
CRE
CRE CRE
Figure 1. Schematic representation of possible interactions between circadian
miRNAs and the core transcriptional/post-translational feedback loop.
The core loop driving mCry and mPer genes is positively regulated by Clock (blue) and
Bmal (red) complexes and negatively regulated by Cry and Per proteins, all of which
interact via E-boxes. Resetting cues from the retina acutely activate mPer expression
via a spontaneously rhythmic MAP kinase cascade leading to phosphorylation of
CREB (green). Rhythmic and light-induced expression of miRNAs miR-132 and miR-
219 in the SCN can be accounted for by their CRE and E-box regulatory sequences.
The miRNAs interact with and silence their target mRNAs in a sequence-specific man-
ner, although their targets in SCN are unknown. Those of miR-219 repress mPer ex-
pression in vitro which is consistent with their slowing of the clock in vivo. Unknown
targets of miR-132 enhance responses to light pulses in vivo, although how this relates
to their ability to suppress mPer expression in vitro is unclear. For both sets of targets,
the actions may be indirect, arising from interaction with various cellular properties, for
example, membrane excitability or signal transduction components. The functional
involvement of miRNAs indicates that the expression of their target mRNAs is tightly
regulated in time and thereby provides an additional avenue for circadian and light-
regulated gene expression in the SCN.The ‘how’ remains a generic
question for miRNAs. Affecting
poly-adenylation and hence
stability of RNAs may be one mode
of their action, and it is intriguing,
therefore, to note that a clock-
controlled and acutely regulated
deadenylase, Nocturnin, is also
involved in sculpting circadian
metabolism [15,16]. Given that
rhythmic proteins do not always
arise from rhythmic mRNAs [17], an
emerging theme is that gene
induction tightly co-ordinated with
subsequent gene silencing is one
way to confer fine temporal control.
Such principles may extend
more widely in temporal regulation.
For example, miRNA-16 family
members have recently been
shown cooperatively to regulate
progression through the cell cycle
[18]. Equally, segmentation in
vertebrates relies on a ‘‘somite
clock’’ involving gene negative-
feedback loops, and contributionsfrom miRNAs to this oscillatory
timer have recently been modelled
[19]. Engineers know that precision
in timing is all about feedforward
and feedback loops. Biology
sussed out that one aeons ago
and likely recruited miRNA-
mediated feedback to enhance
the fidelity, robustness and
flexibility of its timers, be they
cell-cycle, developmental or
circadian [10].
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vocal communication as if it
constituted an autonomous system
while failing to give the same
serious treatment to gestural
communication’’. Since then,
both theoretical [5–7] and
methodological [8–13] innovations
have revolutionized our view of
primate communication.
The last few years have seen an
emergent theoretical interest in
multimodal signalling [5–7]. The
significance of multimodal
communication is that it provides
a physical basis for redundancy in
signalling; for example, cries of fear
(auditory modality) are emitted with
simultaneous facial expressions
of fear (visual modality). This
redundancy in signal components
permits easier detection, more
accurate discrimination, and more
efficient learning of context-
appropriate communicative tactics
[6]. Primate signals are conveyed in
multiple channels simultaneously,
so that observers can, in fact,
determine a lot about the nature of
social episodes, even when they
receive only some of a signal’s
attributes [14,15]. For example, an
observer can determine whether
a chimpanzee antagonist is the
